In this work, we report the identification and quantification of catechins by electrochemistry and UV-Vis spectroscopy in Elephantorrhiza elephantina (Fabaceae) and Pentanisia prunelloides (Rubiaceae), both of which are medicinal plants that are widely used in Southern Africa to remedy various ailments. A comparative study of the catechin content as (-)-epicatechin equivalent is reported for the first time, with E. elephantina exhibiting a higher concentration relative to P. prunelloides in both aqueous and methanol extracts.
Polyphenolic compounds, which are major constituents of natural products, fruits and vegetables, are widespread in nature [1] [2] [3] . Polyphenols are considered for the prevention of cardiovascular diseases due to their antioxidant potentials. Their roles in free radical scavenging, metal ion chelation and reactive oxygen species neutralization are also well documented [4, 5] . Various analytical techniques for the qualitative and quantitative determination of polyphenols are reported in the literature, such as high performance liquid chromatographic (HPLC) and gas chromatographic (GC) techniques in tandem with mass spectrometry [6, 7] . Owing to the cost and analysis time of these classical methods, there is need to explore less expensive and quicker methods for identifying and quantifying these important compounds. Such methods can be used for prompt detection of flavonoids in new plants or natural products. One of such techniques is electrochemistry.
Pentanisia prunelloides (Walp.) and Elephantorrhiza elephantina (Burch.) are medicinal plants that grow in southern Africa and are used in different regions for various reasons. They are sometimes given names that are related to the purposes for which the inhabitants use the plant. In Kwa-Zulu natal in South Africa, P. prunelloides is called "isicimamlilo'', which means "that which puts out fire". This is because P. prunelloides is used to treat heartburn [8] . The plant is also believed to be effective against inflammation, and bacterial and viral infections [9] . P. prunelloides is also ingested during pregnancy and child birth and it was shown to have a direct influence on the uterus muscles, easing the pains associated with giving birth [10] . This paper reports the identification and a comparative analysis of (-)-epicatechin between E. elephantina and P. prunelloides for the first time. The relative catechin content of aqueous and methanol extracts of P. prunelloides and E. elephantina were measured by voltammetry and UV spectroscopy.
Ultra violet spectroscopy is one of the techniques used for analysis depending on the chromophores of the flavonoid. Different absorption bands are observed, but generally there are two maxima. The 240-295 nm band range is associated with the absorption due to ring A, and the 300-550 nm band with that due to ring B [11] .
Electrochemical measurements are important techniques for the analysis of flavonoids as most of these compounds are electroactive due to the electron transfer that is made possible by the high and conjugated unsaturation that exists in these compounds. Studies on the electrochemical behavior of flavonoids on a glassy carbon electrode for the identification of the oxidation products have been reported [12] . Catechin has 3 moeities that are oxidized at different potentials. Resorcinol constitutes ring A, the catechol moiety ring B and a pyran, ring C (to which a hydroxyl group is attached at position 3). Cyclic voltammetry of catechins gives a reversible redox couple and an irreversible oxidation peak [12] .
Thin layer chromatography of E. elephantina and P. prunelloides extracts was carried out using epicatechin as a standard. The brownish spot of the flavonoid fraction with the same R f value (0.77) as standard (-)-epicatechin after spraying with vanillin sulfuric acid suggested the presence of epicatechin in both plant species.
The retention time of 8.363 for the isolates and 8.347 for standard epicatechin, as obtained from LC-ESI-MS spectra further corroborated the presence of epicatechin in these two medicinal plants. The pseudomolecular ion [M]at m/z 289.4 in each of the isolates was consistent with the value for epicatechin reported in the literature. The ion at m/z 579.5 for both standard and isolates suggested dimerization of (-)-epicatechin.
Cyclic voltammetry (CV) of (-)-epicatechin standard shows a redox couple at potentials +0.228 V and +0.180 V (labeled 1 and 1*, respectively) and an irreversible oxidation potential at +0.586 V ( Figure 4A ). Square wave voltammetry (SWV) also showed similar peak potentials (see supplementary Figure 1 ). These voltammograms are characteristic of catechin [13] . The catechol moiety of the catechin molecule is readily oxidized. Thus, the catechol moiety oxidative peak is observed at a lower potential than that of the hydroxyl group attached to the pyran ring (ring C) and the resorcinol group (ring B). The electrochemical profiles of catechin observed in this work are in agreement with the electrochemical oxidation mechanisms proposed [13] [14] [15] . After obtaining the characteristic voltammogram for pure catechin, aqueous and methanol crude extracts of P. prunelloides (Pp) and E. elephantina (Ee) were probed using CV in order to determine the presence of catechin. Similar voltammograms characteristic of catechin were observed indicating that these plants (Pp and Ee) both contain catechin (Fig. 1) . The results obtained also revealed that electrochemistry can be used to identify the presence of electroactive antioxidants in crude extracts of plants without extensive sample preparation, in contrast to chromatography, which requires more robust sample preparations.
A scan rate study (not shown) of catechin showed diffusion controlled kinetics where the peak anodic current (peak 1) was directly proportional to the square root of the scan rate. This correlation shows that the concentration of catechin can be determined on a glassy carbon electrode (GCE) using CV. The calibration curve ( Figure 1B) for the quantification of the relative catechin contents of P. prunelloides and E. elephantina was obtained from the CV of standard solutions of pure catechin with a correlation coefficient of 0.9986 and regression equation of y = 0.0164x + 1 x 10 -7 (Figure 1B inset) .The limit of detection (LOD) and limit of quantification (LOQ) were calculated from 3 x σ/m and 10 x σ/m respectively, where σ is the standard deviation of the blank measurements (six replicates) and m is the slope of the calibration graph. The LOD and LOQ were 7.12 x 10 -8 M and 2.37 x 10 -7 M, respectively. The catechin concentrations calculated from crude extracts of the two species are shown in ( Table 1 ).
The results demonstrated that the catechin content of E. elephantina is higher than that of P. prunelloides for the same extraction solvent. The methanol extracts contained a higher amount of catechin than the water extract in both plants. This is due to the better solubility of the catechins in polar organic solvents compared to water which is the principal solvent used in traditional preparations. This is the chemistry behind the use of liquor (spirit) in some traditional medicinal preparations -to enhance polyphenol solubility.
Though this work focuses on catechins, there are possibilities that other flavonoids will exhibit electroactivity within the potential window chosen (and also some outside this potential window). This specificity drawback lends the electrochemical approach used in this work more to semi quantitative analysis. Nevertheless, this method will be valuable for screening of flavonoids in plant extracts owing to the miniaturizability (electrical components and electrodes), low cost, and speed (short analysis time) of electrochemical analyzers. Hand held, battery operated and computer usb interfaced machines are becoming common in the electrochemical instrument market.
Different polyphenols have different chromophores and thus different UV absorption spectra. (-)-Epicatechin shows two signatory UV bands at λ max 278 nm and 350 nm; this allows UV to be a tool that can be used to quantify (-)-epicatechin in a complex plant matrix.
The calibration curve for the quantification of the relative (-) epicatechin content of P. prunelloides and E. elephantina was constructed by analysis of the increasing concentrations of (-)-epicatechin standard and using the band that occurs at the maximum wavelength, λ max of 278 nm. The UV data were gathered with the intention of comparing the (-)-epicatechin concentration trend in both plants with that obtained from electrochemistry and not necessarily low concentration quantification. The concentrations of P. prunelloides and E. elephantina methanol and water extracts from various regions showed the same trend demonstrated by the electrochemistry results, with E. elephantina exhibiting a higher epicatechin concentration than P. prunelloides. Fresh plant rhizomes were washed with water, dried, macerated and kept in the fumehood at room temperature. The dried plant material was ground into fine powder and extracted in methanol and water. The solvents were evaporated under reduced pressure and the product stored in sample bottles at room temperature. Stock solutions were made by dissolving specific masses of samples in 10 mL of methanol to make 1000 ppm solutions. A stock solution of (-)-epicatechin of 1980 ppm was Quantification of catechins by electrochemistry and UV-Vis spectroscopy Natural Product Communications Vol. 9 (1) 2014 43 prepared by dissolving 0.0297 g (-)-epicatechin in 15.00 mL methanol. Calibration of (-)-epicatechin using UV-Vis was performed at a wavelength of 278 nm.
Ethyl acetate extracts of E. elephantina and P. prunelloides:
Fifty g samples of either E. elephantina or P. prunelloides were macerated in 100 mL of distilled water for 24 h, after which they were filtered. The filtrate was extracted with 4x50 mL ethyl acetate to transfer the tannic compounds into the organic solvent. The ethyl acetate was then evaporated at 40°C in a rotorvapor. Portions of both extracts were spotted onto separate TLC plates and eluted with n-butanol/acetone/water (4:1:2). The developed TLC plates were sprayed with vanillin sulfuric acid and then heated at 110°C for 5 min. Portions of samples of both species were subjected to CC using the same eluent applied for TLC. The resultant fractions of the 2 species were spotted on the same TLC plate against standard epicatechin for comparison purposes.
Prep. TLC was used to isolate the major compounds with MeOH/H 2 O/Acetone/Ethyl acetate/Chloroform (10:8:30:40:12) as eluent. Standard (-)-epicatechin was also used for comparison purposes.
LC-ESI-MS analysis of ethyl acetate extracts of E. elephantina and P. prunelloides:
LC-ESI-MS was also used to characterize (-)-epicatechin from both plant species. The LC-MS instrument used for the analysis was a Waters E2695, 3100 mass selective detector equipped with an electron spray ionization source (ESI) (positive and negative) with quadrupole mass analyzer. The quadrupole temperature of the MS was 120°C, while the desolvation temperature was 350°C; the capillary voltage was at 3500 V and the spectra were acquired in both the selected ion mode (SIM) and fill scan mode with polarity switching (+ve and -ve modes). The temperature of the drying gas, nitrogen (N 2) was 300°C and the flow rate of the nebulising gas, N 2 was 500 mL h -1 . The eluent system comprised acidified aqueous solvent (FA), acetonitrile and methanol. Acidification provided a better retention and separation in the C18 column. Both methanol and aqueous extracts of both E. elephantina and P. prunelloides were used to make stock solutions (500 ppm) by dissolving them in methanol. The (-)-epicatechin standards with concentrations ranging from 1.6 x 10 -6 M to 0.10 M were prepared in methanol. The reference solution used for measurements was methanol. Each sample and standard was measured in triplicate.
Ultra-violet measurements:

Electrochemical measurements:
The pH of the phosphate buffer was measured using a Boeco Germany pH meter BT-600. Electrochemical measurements were carried out using an Autolab PGSTAT 302N work station. A three electrode system consisting of glassy carbon (working electrode), Ag/AgCl, 3 M Cl -(reference electrode) and platinum wire (counter electrode) was used for all electrochemical measurements. The glassy carbon electrode (GCE) was mechanically polished using alumina powder with subsequent sonication in water and ethanol. Solutions of pure catechin and crude extract were dissolved in ethanol and then made up to the mark with 10 mM phosphate buffer solution of pH 7.5. Standard (-)-epicatechin solutions ranging from 1.6 x 10 -6 M to 0.10 M were prepared and used for calibration and limit of detection calculations. Square wave voltammetry was carried out at 50 mV amplitude and 25 Hz frequency.The calibration for the quantification of the relative catechin content of P. prunelloides and E. elephantina was constructed by analysis of the increasing amounts of (-)-epicatechin standard and using the peak current of peak 1 at a potential of +0.228 V, the catechol moiety oxidation peak and plotting it against the concentration ( Figure 1A and B ).
